Abstract. The specific locations of the double bonds in linear olefins can facilitate olefin catalytic synthetic reactions to improve the quality of target olefin products. We developed a simple and efficient approach based on single photon ionization time-offlight mass spectrometry (SPI-TOFMS) combined with online ozonolysis to identify and quantify the linear olefin double bond positional isomers. The online ozonolysis cleaved the olefins at the double bond positions that led to formation of corresponding characteristic aldehydes. The aldehydes were then detected by SPI-TOFMS to achieve unique spectrometric Bfingerprints^for each linear olefin to successfully identify the isomeric ones. To accurately quantify the isomeric components in olefin mixtures, an algorithm was proposed to quantify three isomeric olefin mixtures based on characteristic ion intensities and their equivalent ionization coefficients. The relative concentration errors for the olefin components were lower than 2.5% while the total analysis time was less than 2 min. These results demonstrate that the online ozonolysis SPI-TOFMS has the potential for real-time monitoring of catalytic olefin synthetic reactions.
Introduction
L ong-chain linear olefins play numerous important roles in chemical industry, and have been widely used to produce lubricants, surfactants, additives, and plasticizers. For example, linear terminal olefins are best candidates for producing highquality poly(alpha-olefin) lubricants, such as 1-decene that is an intermediate in the production of epoxides, amines, synthetic lubricants, synthetic fatty acids, and alkylated aromatics [1] . Various methods for production of linear olefins have been developed, such as Shell Higher Olefin Process (SHOP), which serves as a catalytic ethylene oligomerization; over one million tons of linear olefins are manufactured each year using SHOP [2] [3] [4] [5] . However, organic compounds produced via SHOP are usually complicated, containing terminal olefins and different kinds of internal olefins, which would reduce the quality of target olefin products [3] . Therefore, it is necessary to develop an effective analytical technique to identify linear olefins with different double bond positions, which can also be used to measure the conversion rates to optimize catalytic synthetic conditions as well as search for new catalysts.
Accurate determination of the double bond positions in the linear olefins is still a very challenge task [6] . Gas chromatography (GC), a common off-line analysis method, can only resolve the terminal double bond in the carbon chain. It cannot identify the positions of all double bonds without prior derivatization such as ozonolysis [7] . Recently, the technical advances in mass spectrometry (MS) [8] , especially new ionization methods such as matrix-assisted laser desorption/ ionization (MALDI) [9] and electrospray ionization (ESI) [10] , and multistage MS [11] [12] [13] have become powerful tools in overcoming the above mentioned difficulties. In addition, a variety of chemical derivatizations in conjunction with MS have also become effective methods for analysis of compounds with different double bond positions from following processes, such as dimethyl sulfide addition reaction (DSAR) [14] , crossmetathesis (CM) [15, 16] , charge-switch derivatization (CSD) [17] , and covalent adduct chemical ionization (CACI) [18, 19] .
However, there are still various shortcomings for the abovementioned processes. For DSAR, dimethyl disulfide and iodine solution were added to the isomeric linear tetradecenols as reagents for the derivatization reaction that lasted at least 5 h [14] . In the method of CM, dichloromethane/methyl acrylate were first mixed to dissolute the target sample, and the secondgeneration Hoveyda-Grubbs catalyst was then added, followed by a stirring process, which lasted for 2-3 h [16] . Gross et al. exploited a faster method by charge-switch derivatization with N-(4-aminomethylphenyl) pyridinium for 30 min, and then the derived fatty acid samples were injected into a tandem MS for analysis [17] . CACI, an online gas-phase derivatization, was developed to locate double bonds using acetonitrile as the reagent gas. Target ion CH 2 + unless CACI could be coupled with GC-MS [18] .
More recently, Blanksby et al. have introduced online ozonolysis either during ionization or during dissociation before MS analysis to locate double bond positions in phospholipids [20] [21] [22] [23] [24] [25] . Structurally characteristic fragments, including aldehydes and Criegee ions, occurred in the mass spectra recorded in the course of ozone electrospray ionization (OzESI) [21, 24] and in ozone-induced dissociation (OzID) [23, 25] , which allowed assignment of double bond positions._ENREF_27 Both of OzESI and OzID simplified the complicated sample manipulation process needed prior to MS analysis so that the online location of double bond positions could be done more efficiently. Besides, OzID can be applied to the analysis of complex mixtures compared with OzESI, but it requires specialized equipment and instrumental modification.
Single photon ionization (SPI) is another attractive soft ionization technique because of its low degree of fragmentation with simple spectrum interpretation compared with conventional EI method [26, 27] , especially for complex samples (e.g., gasoline and diesel [28, 29] , cigarette smoke [30] , and volatile organic compounds (VOCs) [31] [32] [33] ). The coupling of SPI with time-of-flight mass spectrometer (SPI-TOFMS) has the advantages of both rapid detection speed and simple spectra analysis [34, 35] . It is a powerful technique for monitoring fast processes and a potential method for assigning the double bond position in linear olefins when combined with the rapid chemical derivatization such as ozonolysis.
We are reporting an efficient method for online identification and quantification of double bond positions in linear olefins. Olefins underwent online ozonolysis to generate corresponding characteristic aldehydes that were detected by SPI-TOFMS. Characteristic ions were identified and catalogued into six linear mono-olefins by comparing SPI mass spectra of the ozonolysis products with those of aldehydes. For accurate quantification of each isomeric component in olefin mixtures, an algorithm was developed using multiple characteristic ions of the ozonolysis-derivatized olefins. Finally, the capability of the online ozonolysis combined with SPI-TOFMS method was demonstrated by identification and quantification of three groups of isomeric olefin mixtures.
Experimental

Instrumentation
As shown in Figure 1 , the apparatus consists of an integrated online ozonolysis system and a VUV-lamp-based SPI ion source coupled with a home-built orthogonal acceleration time-of-flight mass spectrometer (oaTOFMS).
The VUV-lamp-based SPI-TOFMS has been described in detail previously [36] so that only its main feature will be outlined below. The SPI ion source includes a commercial VUV krypton discharge lamp (10.6 eV; Cathodeon Ltd., Cambridge, UK) and an ionization cavity that is made of six steel electrodes (SE1-SE6) with 1 mm thickness and six PTFE insulation washers with 5 mm thickness. The diameters of the center holes in the electrodes are 6 mm for SE1 and 12 mm for SE2-SE6. The O 2 gas flow containing olefin or olefin ozonolysis products was introduced into the ionization cavity by a 150 μm i.d. with 0.5 m length deactivated fused-silica Figure 1 . Schematic of the integrated online ozonolysis system and the VUV-lamp-based single photon ionization time-offlight mass spectrometer. FM=flow meter, FSC=fused-silica capillary, WG=waste gas capillary (FSC). The pressure in the ion source was maintained at 9 Pa by a 3.5 L/s dry scroll pump (Agilent Technologies Inc., Palo Alto, CA, USA). The voltages on the SE1 electrode and the sampler electrode were set at 15 and 9 V, respectively. The TOF mass analyzer was operated in linear mode with a mass resolution of 600 (fwhm) at m/z 106. The data were recorded within 15 s for a single analysis using a 100 ps time-to-digital converter (TDC) (model 9353, Ametec Inc., Oak Ridge, TN, USA) at a repetition rate of 33 kHz.
The integrated online ozonolysis system includes a stainless steel tube with 4 mm i.d., 0.8 m in length for ozonolysis reaction, a 7.5 mL stainless steel sample vial with a stainless steel cap for encapsulation, and a high-concentration ozone generator (Supporting Information, Table S1 ). The liquid olefin samples were filled in a 1.5 mL brown glass vial (Agilent Technologies Co., Ltd.) without encapsulation, which was placed inside the sealed stainless steel sample vial. The olefin gas molecules in the headspace were then carried out by pure O 2 gas flowing through the sample vial into the ozonolysis reaction tube. The ozone generator was employed to generate ozone by corona discharge of pure O 2 that flowed through it. Part of the outflow gas containing O 3 was introduced into the ozonolysis reaction tube to oxidize olefin from the sample vial. The product gas was then introduced into the SPI ion source through FSC, while the excess gases were exhausted after safety treatment. Caution: Care was taken in all experiments to ensure that ozone did not vent into the laboratory.
Materials and Sample Preparation
Analytical grades olefins, including 1-heptene, 1-octene, 1-nonene, 1-decene, cis-2-octene, cis-3-octene, cis-2-decene, and cis-5-decene, were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan); analytical grade aldehydes were purchased from Kermel Chemicals Co., Ltd. (Tianjin, China). The stainless steel vial can be heated and maintained at a constant temperature; pure O 2 gas (99.999%; Dalian Special Gas Co., Dalian, China) was employed to purge the headspace gas from the sample vial to generate an O 2 gas flow with stable olefin concentrations. Thus, the concentration of the olefin in the O 2 gas could be controlled by adjusting the temperature of the sample vial and the flow rate of O 2 gas while the actual concentration value was calculated by the weighting method. The flow rate of the O 2 gas was kept at 700 mL/min for octenes and 120 mL/min for decenes, respectively. The olefin gas at certain concentration can be further diluted with O 2 to a series of lower concentrations using mass flow meters. The isomeric olefin mixtures were prepared by mixing olefin gases with different concentrations together.
The concentration of ozone in the O 2 gas was calibrated by the iodometric method, and was controlled by adjusting the flow rate of the O 2 gas and the discharge electric current of the ozone generator. In the experiment, the flow rate of O 2 gas through the ozone generator was maintained at 3.3 L/min while only 100-500 mL/min of the outflow was introduced into the ozonolysis reaction tube. The optimized concentration of ozone was 6210 ppmv for three octenes and their mixtures, and 1470 ppmv for three decenes and their mixtures, respectively.
Results and Discussion
SPI Mass Spectra of Aldehydes
Based on the ozonolysis results of unsaturated lipids using ESI MS [20] [21] [22] , the proposed ozonolysis mechanisms of six linear olefins are shown in Scheme 1. Distinctive aldehydes are chemically induced by ozonolysis of each linear olefin according to the position of the double bonds in the molecules. SPI mass spectra of seven involved aldehydes except formaldehyde (IE= 10.88 eV), as its IE is higher than the photon energy and it cannot be ionized by SPI, are shown in Figure 2 . The fragment ions observed in the SPI mass spectra of the investigated aldehydes were attributed to neutral dissociation process that was discussed in depth by Hatano, Zimmerman, and coworkers [37] [38] [39] and displayed in Supporting Information Figure S1 . Figure 2 demonstrates that neutral dissociation of the aldehyde molecules is the dominant SPI ionization channel for all aldehydes as they exhibit distinct fragment ions. + (m/z 124) were the most significant characteristic ions, respectively. It should be pointed out that ozone has no influence on the involved aldehydes, as illustrated in Supporting Information Figure S2 . Figure 3a shows SPI mass spectra of ozonolysis products by direct online sampling of cis-3-octene gas after introduction of ozone gas. As shown in Figure 3b , the molecular ions of cis-3-octene at m/z 112 disappeared after 30 s, whereas ions at m/z 57 (corresponding to propanal), m/z 58 (representing n-pentanal), and m/z 160 (intermediate ozonide ion) started to appear after 15 s. Finally, the ion signals became stable in 2 min while other linear olefins showed similar phenomena (Supporting Information, Figure S3 ), which indicates that SPI mass spectra of olefin ozonolysis products could be obtained in 2 min after ozonolysis.
Online Identification of Characteristic Ions of Ozonolysis-Derivatized Olefins to Localize Double Bond Positions
SPI mass spectra of six linear mono-olefins with different double bond positions and corresponding ozonolysis products are shown in Figure 4 . Similar to cis-3-octene, the intermediate ozonides at m/z 160 for octenes and m/z 188 for decenes were detected by SPI. As can be seen, the products of six olefins were consistent with the supposed results in Scheme 1 according to SPI mass spectra of aldehydes. The isomeric olefins can be identified by SPI mass spectra of their ozonolysis products with significant differences. For example, n-heptanal products were observed at m/z 114, 96, and 72 for 1-octene; for cis-2-octene, characteristic ions at m/z 100, 82, 72, and 58 for nhexanal coupling with ions at m/z 43 and 87 for acetaldehyde were observed simultaneously. The ions at m/z 57 and 58 with high abundance corresponded to propanal and n-pentanal, respectively, as the double bond in cis-3-octene was cleaved. Therefore, 1-octene, cis-2-octene, and cis-3-octene were successfully identified based on these characteristic ions.
It was notable that some ions absent in the mass spectra of the aldehydes were observed in Figure 4 such as m/z 97 and 113 ions for 1-octene, which also occurred for other linear olefins. After exact mass measurements using our homemade high-resolution SPI-TOFMS (Supporting Information, (Supporting Information, Table S3 and Table S4 ), which may result from ion-molecule reactions between aldehyde products and olefins because of the relatively high pressure in the ion source. Figure 4 shows that two other new ions [M + 12] + and [M + 18] + were only formed for the terminal olefins including ions at m/z 126 and 132 for 1-octene as well as ions at m/z 154 and 160 for 1-decene. In addition, similar ions were also observed at Table S3 and  Table S4 ). Therefore, these two kinds of ions can be Figure 2 . SPI mass spectra of seven aldehydes involved in the experiments Figure 3 . (a) SPI mass spectra, and (b) relative intensities for main ions of ozonolysis products for cis-3-octene within 120 s after introduction of ozone gas used to distinguish linear terminal olefins from internal isomeric ones.
Quantification Algorithm of Isomeric Olefin Mixtures
The relationship between the intensity of the characteristic ion
) and the concentration of the olefin C N (molecules cm −2 ) can be expressed as below during VUV photon ionization and ion-molecule reaction process:
Here, σ equ , defined as the equivalent ionization coefficient, is used to describe the yield rate of the ozonolysis products from the olefin and the ionization efficiency of the characteristic ion M + when the instrument and experiment conditions are definite. Besides, the equivalent ionization coefficient σ equ of the characteristic ion M + can be calculated from known concentration of the olefin and its measured intensity.
Characteristic ions of ozonolysis products for one olefin may interfere with the identification and quantification of another olefin because of overlapping peaks in the mass spectra, so multiple characteristic ions from the olefins are used to reduce the uncertainty of concentration. The relation between intensities of the characteristic ions and the concentrations of olefins in a mixture can be expressed as Equation 2.
Here, I(m n ) is the measured intensity of the characteristic ion m n in the mass spectra of the isomeric olefin mixture; σ j equ (m n ) is the equivalent ionization coefficient of the characteristic ion m n for the olefin component j in the mixture; C j is the concentration of the olefin component j in the mixture. .The intensity ratios of the characteristic ions over the total intensity of the characteristic ions in Table 1 for each olefin represented the equivalent ionization coefficient σ j equ (m n ) and were investigated to check (m/z 100) of cis-2-octene was just 3.0%. Therefore, the summed intensity ratios of certain characteristic ions accompanied by their homogenous ions were applied for accurate quantification of linear olefins in the mixture, as shown in Figure 5b . An algorithm based on Matlab utilizing least-square fit method was developed for quantification of each isomeric olefin in the mixture based on Equation 2. Three different olefin mixtures were prepared using the weighting method to test the above algorithm. Six parallel ozonolysis experiments were performed for each mixture and the RSDs for the intensities of most of characteristic ions were below 5%. The detailed concentrations of olefins in the mixture and the individual olefins used to calculate the equivalent ionization coefficients σ equ for corresponding characteristic ions are shown in Supporting Information Table S5 . To prove the accuracy and reliability of the algorithm, the concentrations of the individual decenes were three times greater than those of corresponding olefins in mixture III. Figure 6 illustrates relative concentrations of each olefin in the mixture calculated by the algorithm and obtained by the weighting method, respectively. The errors between results of the algorithm and the weighting method ranged from 1.2% to 2.5% for olefins in mixture I, 0.2% to 1.4% for olefins in mixture II, and 0 to 1.3% for olefins in mixture III, which demonstrated excellent accuracy achieved by the algorithm. To further investigate the feasibility of the algorithm, back-calculated intensities for all characteristic ions of the mixtures were obtained using the calculated olefin concentrations and the equivalent ionization coefficients. The relative errors ranged from 0.08% (ions at m/z 96, 97, and 126) to 6.49% (ions at m/z 85 and 86) in mixture I, 0.68% (ions at m/z 96, 97, and 126) to 6.05% (ions at m/z 85 and 86) in mixture II, and 0.69% (ions at m/z 110 and 111) to 12.8% (ions at m/z 124, 125, and 154) in mixture III. The larger errors for ions with low abundance than those with high abundance mainly come from the instrumental uncertainties. These results indicate good accuracy and reliability of the algorithm.
Conclusion
In this study, an integrated online ozonolysis SPI-TOFMS method was developed to determine isomeric linear olefins with a total analysis time less than 2 min. The reaction between olefin and ozone was found to produce abundant chemically cleaved aldehyde products that allow for unambiguous identification of double bond position. A quantification algorithm was also developed to determine the relative concentrations of each linear olefin in the isomeric olefin mixture. This algorithm was applied to determine three groups of olefin mixtures. The relative concentration errors were below 2.5% compared with the weighting method. Not only the combination of online ozonolysis and SPI-TOFMS could identify the double bond positions in the linear olefins, but also quantitatively determine their concentration ratios. This method has great potential to reveal different olefin synthesis routes and facilitate real-time monitoring catalytic synthetic reactions for higher production efficiency and lower cost of desired olefins. 
